Abstract
Bones tend to change their geometry in order to be more compatible with mechanical condition of their environment [7] . Considering the proximal section of the femur bone as an example, shape of the femoral neck is elliptical near its connection to the axial section, because it is usually under bending loadings. On the other hand, shape of the femoral head is circular near femoral head since this location is usually under compressive loadings [8, 9] .
Measurements can determine inherent physical properties of bones under different loadings, e.g. tension, compression, shear and bending loadings. The stress-strain relationship ( Fig. 1) can be determined via physical analysis of the bone. Physical properties of bones can be determined through measuring the slope of stress-strain curve in the elastic region (also called Young's modulus) and strain/stress values at yield and failure situations. After the yield stress point, the stress-strain curve becomes nonlinear and reaches permanent plastic deformation. The area beneath the stress-strain curve represents the work per volume required for destruction of the material. Compressive failure load of bone is much higher than its tension failure load. Physical properties such as elastic modulus and yield stress of cortical bones are higher than those of trabecular bones. This is shown in Table 1 . The physical properties presented in the fourth and fifth rows of the table have been measured through different methods.
Perforation of holes inside cortical bones is a common procedure for inserting orthopedic plates (Fig. 2) or removing tumors from the inner cancellous bones in its initial phases of cell growth. These holes decrease the mechanical strength of the bone and can even lead to a second fracture in the bone. Surgeons have always used holes with circular cross-section for orthopedic operations. However no investigation has been yet carried out on the effect of the hole cross-section type on the mechanical response of the bone and its effect on the defected life. In order to find out the best cross-section type, the permitted load of bone with five geometry types of circle, triangle, square, triangle, and trapezoid, all having the same cross-section area is investigated under four types of loading namely, compression/ tension, 3-point bending, 4-point bending, and torsion. 2 Femur bones stabilized with a plate and screws [14, 15] 2 Materials and methods CT scan images with 0.2 mm intervals taken by Toshiba imaging device with 16-row multisclice platform (the same dvice as the one in [17] ) have been used for modeling the femur bone. The analysis was performed using ANSYS finite element code. For discretizing the femur bone, 4-noded tetrahedral solid elements were employed (Fig. 3) . The mesh convergency of the model was checked and element size of 1 mm was found to be accurate enough. The total number of nodes and elements were slightly different between models with different hole geometries, but in average, each model consisted of 54,000 nodes and 240,000 elements. Bone, from microscopic point of view, is a composite material. It is a composite of collagen and hydroxyapatite; and its Young modulus is between apatite and collagen. However, as a strong composite, its resistance and strength is higher than those of collagen and/or apatite. This is because the ductile portion prevents fracture of the brittle part, while in turn the stiff portion prevents yielding of the ductile part. In addition to type of combination, mechanical properties of a composite material depends on its structure. As it was shown in Table 1 , the mechanical properties of the trabecular part of the femur bone is very small, and therefore the inner part of the femur bone was assumed to be hollow. The mechanical properties of bone material, considered in this study for FE modeling by referring to Table 1, are listed in Table 2 . Figure 4 demonstrates the geometrical dimensions of the windows created in the bone. Dimensions of these windows were selected in such a way that their area became equal; i.e. volume of removed material is equal for all the window types. In the compressive/tensional and torsional loadings, the perforated bones were fixed at one end and loaded in the other end. In the 3-point bending, the two ends of the bone were fixed and the bone was loaded laterally in its central region and, in the opposite side of the window. In order to obtain allowable forces, a force was applied at its action point(s), and the maximum von Mises stress of the structure was found in the integration points of the elements and compared to the yield stress of the bone. The allowable force was then found by a simple multiply cross.
Results and discussion
The values of permitted forces for different types of loading and window types are given in Table 3 . Figure 5 shows the stress distribution and displacement throughout a femur bone with triangular window under 4-point bending loading. Figures 6-9 illustrate the stress distribution around the circular, square, triangular, and trapezoidal windows for different loading types. As it can be seen in Table 3 , the bone with trapezoid window can tolerate the highest axial (compression/tension) loading among all the introduced cases. After the trapezoid case, the case with circular window has the highest strength in axial loading. It can also be seen from the table that the square perforated bone is the most susceptible case against axial loadings in such a way that the maximum load a bone with square window can tolerate is less than half of that of the bone with trapezoid hole. Since at most times of the day, the femur bone is loaded under axial loading, and particularly compressive loading, this result is very important for surgeons to substitute the current circular holes with trapezoid ones.
3-point bending is also an important loading condition which has the most possibility after axial loading. Lateral unintended impacts to feet, such as those which occur in car accidents, usually cause 3-point bending. Like the axial loading, in the 3-point bending the trapezoid case again has the best performance. The circular case again shows an acceptable performance and the 3-point bending load it can tolerate is not any less than 25% of that of the trapezoid case. In 3-point bending, the triangular case has the lowest permitted load which is 40% lower than that of the trapezoid case.
Unlike the predictions, the situation becomes very different in 4-point bending. This time, the square and circular cross-sections show the best performance while the trapezoid hole shows the lowest permitted load. This type of loading has the lowest possibility of occurrence among all the loading cases introduced. However, someone can assumes the load applied by for example sitting on some structures such as bench as four-point bending.
Torsional load has been reported as a primary cause of mechanical loosening of the femoral components, and may also play an important role in bone remodeling [16] . This would suggest that torsional loading can also be important to bone fractures in femur bones with windows. As presented in Table  3 , the circular hole has the less impact on stress concentration around the window and can be chosen as the best option if only torsional loading is considered. After the circular hole, the trapezoid hole shows the best strength and the triangular windows shows the most weakening effect on the bone strength.
An irregularity (for example a perforation) bends the stress flows, compacting the streamlines in the locations where abrupt change in the path of streamlines occurs. This is known as stress concentration. As the dimension of a perforation in the direction perpendicular to the streamlines becomes larger, more abrupt change in the stress flow happens leading to larger stress concentration values. On the other hand, the dimension of the perforation along the streamline does not significantly increase stress concentration, because they do not impact the streamlines a lot. In compression, tension, and bending, the trapezoidal windows have the smallest dimension in the direction perpendicular to the stress flows compared to other types of windows, and that is why the stress concentration for this geometry is the smallest among all the cases. However, in torsional loading, the dimension of the trapezoidal window in the peripheral direction, which is parallel to stress flow, is the largest. This explains the highest stress concentration of the trapezoidal windows in torsion.
Conclusions
In this study, the effect of window geometry on the strength of the shaft part of femur bone was studied using Finite Element method. Yield stresses of perforated femur bones under tension, compression, 3-point bending, 4-point bending, and torsional loadings were obtained and compared to each other. The bone with trapezoidal window type showed the highest strength in majority of the loads (tension, compression and 3-point bending). It is worth mentioning that parallel sides of the trapezoid must be parallel to the main axis of the bone, otherwise if the parallel sides of the trapezoid are perpendicular to the main axis of the bone, the bone structure becomes severely weak. After the trapezoidal window type, the circular window type had the highest strength in tensile and compressive loads, while in bending, the square window type showed the highest strength after the trapezoidal window. Although trapezoidal window showed great resistance in 3-point bending and axial loadings, it showed weaker performance in torsional and 4-point bending loads. However, the femur bone is very unlikely to be loaded in 4-point bending. Moreover, in torsion, the femur bone with trapezoidal window was only 12% weaker than the femur bone with circular window (note that, in axial loading, the femur bone with trapezoidal window had 33.6% higher strength than the bone with circular window). Therefore, summing up all the results of this study, it is suggested to use trapezoidal as the most appropriate window type for orthopedic surgeries.
